ABSTRACT Indoor radon concentrations were measured in four well-known spas of Tunisia using nuclear track detectors. The radon concentrations in these spas were found to be in the range of 19 − 870 Bq.m -3
Introduction

Radon (
222 Rn) is a naturally occurring radioactive gas formed by the decay of 226 Ra, which decays into a series of short-lived radioactive products. Radon and its decay products (progeny) are recognized as the most significant natural source of human radiation exposure (UNSCEAR, 2006) and the most important cause of lung cancer incidence except for smoking (US-EPA, 2003) . Thus, numerous radon measurements have been carried out in dwellings as well as in various workplaces worldwide. These studies aimed to estimate the health hazards and also to investigate and suggest ways of reducing the radon levels inside the dwellings and workplaces.
The spas used for thermal therapy are known to have higher concentration levels of radon and its progeny, and patients and workers of such spas are expected to be exposed to higher concentration levels of radon and its progeny, leading to a significant additional radiation burden (Szerbin, 1996; Vogiannis et al., 2004; Manic et al., 2006; Nikolopoulos et al., 2010) .
The EU identified this fact in the directive 96/29/EURATOM and proposed spa therapy as a professional activity of enhanced natural radiation exposure (CEC, 1996) . Groundwaters are in close contact with soil and rocks containing radium. Once formed by its decay from radium, radon gas may diffuse through rock pores and geological discontinuities and dissolve in these waters. Radon is transported to the surface and it can easily diffuse into the atmosphere, and may produce elevated radon levels in places such as thermal spas. The presence of radium in springs can be an indicator of elevated indoor radon concentration in the dwellings of the surrounding area, and radium concentration measurements in springs could serve as one of the initial stages of a radon survey (Onishchenko et al., 2010) .
The high radon concentrations in spas are a source of risk mainly for staff and, to a lesser extent, for the patients (Ródenas et al., 2008) . The practice of using springs for medical purposes has increased considerably and new modernized buildings have appeared, linked to the utilization of several water springs that have been used up to the present time. Today, spas are becoming increasingly important as recreation sites or as health resorts and, at present, there are many such centers, most of them fully modernized, in operation.
Thermal spas in Tunisia
In Tunisia, thermal waters are frequently recommended by health specialists for refreshing and medical purposes. These waters have variable amounts of certain dissolved substances that, in some cases, are identified with beneficial health effects (Kovacs and Bender, 2002; Sukenik et al., 1999) . These substances and the high temperature of the water act as coadjuvant agents in health conditions such as rheumatism, arthrosis, arthritis and respiratory tract disorders. Among these dissolved substances there are some series of radioactive elements of natural origin that may result in elevated levels of radiation exposure.
Waters of the hot springs of Tunisia have been analyzed for geological, hydrogeological, geochemical and geophysical parameters (Grünberger et al., 2004; Inoubli et al., 2006; Bouri et al., 2007) . In addition, one preliminary study was done for the radium content and the results showed that the spa of Jebel Oust had the highest radium concentration in its water. Thus, a study was conducted in this spa (Jebel Oust) for the indoor radon within its building. The findings indicated that the mean indoor radon concentrations were very low, and the risk due to the inhalation of radon was found to be negligible, as was published in a previous work (Labidi et al., 2006) .
INDOOR RADON IN TUNISIAN SPAS
Present survey
The aim of the present work is further study the indoor radon concentration levels in the thermal spas of Tunisia, one private and three modern spas. The results are discussed to evaluate the effective doses from the inhalation of radon and its decay products and to provide an estimate of exposure due to such natural radiation.
Four thermal spas in Tunisia were considered, Hammam Bourguiba, Koubous, Jebel Oust and Aïn El Bey, that are located in northern Tunisia in the governorates of Jendouba, Nabeul, Zaghouan and Ben Arous, respectively. Figure 1 shows the locations of these spas on the map of Tunisia.
Spas covered under the study
The first three thermal spas (Hammam Bourguiba, Koubous and Jebel Oust) are large with modern facilities and they are considered as modern spas. A large number of patients are treated in these three spas, which are recommended for respiratory tract disorders and bronchopulmonary pathologies, rhino-pharynx, pharynx and amydales larynx, pneumology, tubo-tympanic cavities, dermatology, rheumatology, and gynaecology. These spas have treatment rooms that are supplied with spring water. Spring water is pumped from its source by means of a mechanical drainage system located a few meters outside the spa premises. In most cases, pumped water is stored in a water tank before treatment. However, in some cases the pumped water is used directly for treatment. The treatment rooms have windows for natural ventilation, and a small mechanical system which may be utilized for forced ventilation as well as centralized heating systems. The fourth spa "Aïn El Bey" is small and known as a popular spa. It is considered the most ancient bathing resort of Tunisia, used since the Roman period. This old spa has neither air conditioning nor any air ventilation system.
The thermal waters used in the above spas contain a wide variety of substances in solution, depending on the characteristics of the soil types through which the water passes. The background information of the spring waters of these spas is listed in Table I .
Materials and method
Radon measurements
Solid-state nuclear track detectors (LR-115 type films: Kodalpha, supplied by Dosirad, Paris, France) were used in this study to provide accumulated radon measurements for a period of a few months. Two track detectors were used in each location; one was kept inside a closed cup, which was provided with pin holes on the top to allow the entry of radon only, and the other was left open to allow the measurements of radon and its progeny. The use of two radon dosimeters (closed and open) enabled the estimation of the equilibrium factor F between radon and its progeny in air for a better assessment of the radon dose.
Different locations inside the spas were chosen for the radon measurements. The locations chosen were mainly the places where patients undergo treatments (shower and bath rooms as well as the swimming pool areas). The detectors were installed for exposure in the selected locations for a duration of about 5 months in the period during November 2009 to March 2010. Then, the nuclear track detectors were collected and sent to the Dosirad laboratory (France) for etching and reading. Different calibrations are used for each set of the open and closed detectors to estimate the radon concentration levels as well as to calculate the equilibrium factors between radon and its progeny (Labidi et al., 2010) . 
226 Ra measurements
The concentration of 226 Ra in the spring waters was analyzed by gamma spectrometry. Twenty liters of each spring's water were collected in polyethylene bottles with screw caps and immediately acidified to pH ≈ 2 with concentrated HNO 3 . A known quantity of barium, in the chemical form of BaCO 3 , was then added to each water sample. After stirring, Ra isotopes were co-precipitated with BaSO 4 formed by the addition of H2SO 4 (in drops) to the medium without significant change of the pH of the sample. After decantation, the precipitate containing radium was separated from the sample by centrifuging. The insoluble BaSO 4 was rinsed with deionized water, and dried at room temperature. The obtained powder was sealed inside a plastic ferrule with a size compatible with the dimensions of the well-type germanium detector used in the study. The detector used for the study was a 220-cm 3 low-background well-type germanium gammaray detector. The gamma-ray spectrum for each sample was acquired after 3 weeks, which is adequate to ensure radioactive equilibrium between Ra isotopes and their daughters (Reyss et al., 1995) . All the results obtained are given with uncertainties of 1σ.
Results and discussion
The radon concentration in air was measured in all treatment areas of the four thermal spas and in the areas where the staff work. However, some difficulties appeared during this survey, such as the high temperature of the steam within some of the locations as well as high relative humidity. Other difficulties were related to the acceptance of the dosimeters to be distributed in the private spa and also the loss of some of the dosimeters in this survey, particularly in the private spa.
The results of the indoor radon measurements in Tunisian spas are summarized in Table II . The radon concentrations in the air inside the three modern spas were measured at different locations including points close to the spring (gallery) and inside the therapy rooms. The radon concentrations at different points in the spas were found to vary in the range 19-313 Bq.m -3 , 19-335 Bq.m -3 and 45-589 Bq.m -3 , for Hammam Bourguiba, Korbous and Jebel Oust spas respectively, considering different care rooms covered under this study. Inhomogeneous distribution of concentration was observed over all the treatment rooms of the spas. It is evident that the concentration of radon in the indoor air of the spas varied from one treatment room to another, due to the influence of several factors such as the size of the room, the ventilation rate and water flow rates. The highest concentrations were found in the bathrooms, with a mean value of 135 Bq.m -3 . This was attributed to the continuous degassing of radon due to the continuous filling up of baths. The water flow during the filling of the bath causes degassing of radon. The agitation of the water caused by the bathers during swimming is the major mechanism by which radon is released into the air of the bathroom. These spas showed radon concentrations in air that were similar to those measured indoors in dwellings in the same area (El May et al., 2004) .
It is interesting to note that the radon concentration in galleries is higher when compared with rooms of the same spa by a factor of 5, ranging from 313 to 589 Bq.m -3 . This may be due to the proximity of the thermal water source. In the galleries, ventilation is poor and there is a high level of steam, and this may be the reason for the higher radon concentration in the galleries. Whereas, the other rooms of the spa are situated away from the thermal water source and during the transport of water from the spring to the different rooms degassing of radon occurs, and this may be the reason for the reduced radon concentration in other rooms. A decrease of up to 80% in the concentration of radon when the water is transferred from the spring to the therapy rooms was reported (Fontan et al., 1980; Améon et al., 2000) . As presented in Table II , the overall radon concentration values tend to be relatively higher at lower levels that are closer to the soil radon source. The radon concentrations measured in basement and ground floor workplaces were somewhat higher than those measured on the first floor.
The modern spas covered in this study have efficient ventilation and centralized heating systems and this has helped in reducing the radon concentration levels in therapy rooms. The use of heating and air-conditioning systems has proved to be a significant factor in reducing the radon concentration inside the rooms (Marley, 1999) . Also, the use of central heating systems in workplaces was found to decrease the radon and progeny concentration by more than 40% during the heating period of a normal working day (Marley et al., 2000) . This decrease was attributed to the variation of indoor temperature, that induced a change in the advective gas flow rate. Investigating radon in commercial settings, Panatto et al. (2006) concluded that radon concentrations were lower by a factor of three in shops with central heating installations when compared with those equipped with individual heating systems.
On the other hand, the radon concentrations in different locations of the popular spa of Aïn El Bey, which is an old spa (which has existed since the Roman period), varied in the range 215-870 Bq.m -3 . These values are significantly higher when compared with those observed in the modern spas. In addition, the thermal spa of Aïn El Bey was characterized by high relative humidity and poor ventilation. This spa has no windows or a ventilation system to refresh air inside the premises. In this spa, people use the thermal water that comes straight from the source; there is no storage of water in reservoirs as in the case of the other modern spas. In fact, the gassing of radon from the water before use greatly reduces the levels of radon in the air treatment rooms. Nevertheless, in most cases, the observed values in Aïn El Bey are not very high and they are comparable with the values reported for other spas in many regions worldwide (Radolic et al., 2005; Song et al., 2005; Nikolopoulos and Vogiannis, 2007; Vogiannis and Nikolopoulos, 2008) .
226 Ra content and radon concentration levels
High radon concentration levels are usually associated with the presence of high concentrations of radium underground. In most cases, the major component of radon entrance into building structures is the subjacent soil. Significant differences in the concentrations of radon in indoor air have been found depending on the geological characteristics of the reference area. The highest levels are usually found in granites (Ródenas et al., 2008) but concentrations vary considerably between each lithology. The geological structure of northern Tunisia (the area where the mentioned spas are situated) consists mainly of sedimentary formations where calcareous rocks are predominant.
The highest value for the radium concentration was found to be 4089 mBq.L -1 in the spring water of Jebel Oust (Tab. III). However, the indoor radon concentration levels were found to be relatively low in this spa. Based on the present findings, no correlation was found between the presence of 226 Ra in waters and high radon concentrations in the indoor air of spas investigated in this survey. The results obtained in our study are contrary to what was expected with regards to the values of radon found in indoor air. This is more pronounced for Aïn El Bey spa resort, where there is little correlation between the radium content and the radon values. Therefore, the presence of radium at high concentration in waters may not be considered as an indicator for high concentration of radon in indoor air in the spa. The concentrations of radon in indoor air do not depend on levels of dissolved 226 Ra in waters that supply the thermal spa; instead, such radon concentration levels depend strongly on the water flow pattern, the ventilation conditions and the use of central heating systems.
The estimation of the equilibrium factor and the assessment of dose
To estimate the equilibrium factor F between radon and its progeny, two detectors (one with pin holes and the other open) were used simultaneously, as mentioned earlier. The results of the equilibrium factor are presented in column 5 of Table III . The equilibrium factors varied from 0.2 to 0.5, which is because of the different ventilation rates within the spas. Figure 2 is a correlation plot of radon concentration in air and the equilibrium factor F. It is interesting to note that the equilibrium factor F is in inverse relation to the radon concentration in air, with a high correlation coefficient, R = 0.92. This indicates that high radon concentrations do not necessarily imply high levels of radon daughters. The reason for such an observation in the spas may be because of the increased washout of aerosols under high humidity conditions. The water droplets settling causes the washout of particles from the indoor air, reducing the concentration of radon progeny in the air, and hence the lower F value.
The health risk associated with the inhalation of 222 Rn and its progeny by the patients and the workers inside the spa is related to the potential alpha energy concentration (PAEC) measured in J.m -3 (ICRP, 1993) and the same was also calculated in the present work: the results are presented in column 6 of Table III . The short-lived 222 Rn progeny emit alpha particles and they contribute significantly to the inhalation dose. However, the biological effects of beta particles are negligible when compared with those of alpha particles and the risk is related only to the potential alpha energy concentration (PAEC). The potential alpha energy concentration is defined by the following equation:
where C Rn is the activity concentration of 222 Rn in Bq.m -3 , 5.56 × 10 -9 is the potential alpha energy of radon progeny per unit activity of radon gas at equilibrium, and F is the estimated equilibrium factor for 222 Rn.
The exposure of workers and patients in the thermal spa due to the inhaled 222 Rn and its decay products in each site is related to the PAEC and to time T (time of exposure) spent in this environment. The annual occupation time was calculated to be 1840 h for any worker inside the spa. This occupation time is calculated based on a total of 230 working days per year for 8 h per day. is calculated considering 30 treatment visits per year and the time duration of each treatment is considered to be 30 min. Hence, the exposure (EX) due to the inhaled 222 Rn and its decay products is given by:
For the determination of the effective dose for workers and patients, a relation between the potential alpha energy concentration of the radon progeny exposure and dose, the dose conversion factor (DCF = dose/[PAEC×T]) is needed, which was estimated as 1.4 mSv -1 per unit of exposure to potential alpha energy (mJ.h.m -3 ), recommended in ICRP Publication 65 (ICRP, 1993) . For the estimation of the dose conversion factor, several dosimetric models have been proposed. Since the dose and the health detriment depend mainly on the radon progeny rather than the radon gas, the measurement of the equilibrium factor F is important to apply the ICRP (1993) dose conversion convention to the data of radon gas activity measurement. In the epidemiological approach retained by the ICRP, the fraction of radon decay products attached or unattached to ambient aerosol is not taken into account. However, to apply a dosimetric model (i.e., ICRP, 1993), the determination of such an unattached fraction would be important. In the present study, the measurement of the unattached fraction was not performed. For accurate dose assessment, it is advisable to make aerosol-size distribution measurements.
The mean annual dose received by the workers of the thermal spas studied in the present work is found to vary in the range 0.45-1.5 mSv.y -1 , which is very much within the permitted limit (20 mSv.y -1 ) (ICRP, 1993) . Whereas, the corresponding doses for patients varied from 2.9 × 10 -3 to 9.8 × 10 -3 mSv.y -1 . Figure 3 provides a comparison of the doses received by the workers and the patients. , and the indoor environment of this spa is hot and humid, with a high level of steam and without any ventilation, the employees would not be considered to be occupationally exposed and therefore, radiation protection control is not necessary, particularly when it is compared with the values reported for spas in other countries where effective doses may reach up to several tens of mSv.y -1 (Besançon, 1990) . The few studies in the world carried out on this subject confirm those high values of effective doses received by workers. It is necessary, therefore, to consider radon as an important source of occupational exposure in thermal spas (Lettner et al., 1996; Soto and Gomez, 1999; Améon, 2003) .
Conclusion
Measurements of concentration in different spring waters revealed that high radium concentration in water does not necessarily lead to elevated concentrations of radon in indoor air of spa buildings. Equilibrium factors between radon and its progeny in the treatment rooms were found to vary between 0.2 and 0.5, which is due to different ventilation rates within the spas. The radiation dose in different treatment rooms varied depending on factors such as therapy room size, ventilation rate, central heating systems and time spent in the bathroom.
Estimation of the effective dose received by the workers in the Aïn El Bey spa gave the value of 1.5 mSv.y -1 , which is very much within the permitted limit recommended by the ICPR (1993).
